Aortic wave reflection (augmentation index; AIx) decreases during orthostatic challenges despite increased peripheral resistance, which is thought to be due to venous pooling. The purpose of this study was to examine if the decrease in AIx during an orthostatic challenge is due to venous pooling alone or body position manipulation.
Original article
Orthostatic challenges such as a passive head-up tilt (HUT) induce gravitational fluid shifts, resulting in venous pooling in the lower limbs. 1 In order to maintain systemic arterial blood pressure (BP), baroreflex-mediated mechanisms originating from the carotid sinus and aortic baroreceptors act in concert to reduce venous pooling by increasing peripheral vascular resistance (total peripheral resistance; TPR) and heart rate (HR) via enhanced sympathetic nervous system activity. 1 The peripheral hemodynamic responses to orthostatic challenges are well characterized. [2] [3] [4] More recent work has focused on the aortic hemodynamic responses to orthostatic stress, as peripheral BP may not accurately reflect the responses of aortic hemodynamics due to marked differences in BP between the aorta and peripheral vasculature. [5] [6] [7] [8] [9] Decomposition of the aortic pressure waveform gives insight into ventricular-vascular interactions, including indices of aortic wave reflection. Increased aortic wave reflection (e.g., augmentation index, AIx) increases afterload, placing greater strain on the left ventricle, and is associated with cardiovascular risk in various populations. [10] [11] [12] [13] AIx is influenced by transient changes to arteriolar/small artery properties in the peripheral circulation and is dependent on TPR (e.g., a positive relationship between AIx and TPR). Along these lines, manipulation of TPR with vasoconstrictive and vasodilator drugs can increase or decrease AIx with these changes in AIx being independent of arterial stiffness. 10, [14] [15] [16] [17] [18] [19] Orthostatic stressors, both gravity dependent (passive HUT) and independent (lower body negative pressure; LBNP) increase TPR. 6, [20] [21] [22] Seemingly paradoxical, AIx decreases during these orthostatic challenges, despite an increased TPR. 6, 7, 9 The mechanisms behind this paradox have been postulated to be increases in HR, venous pooling (i.e., decreased preload), or change in body position. Furthermore, these findings implicate that AIx is not entirely modulated by changes in TPR. 23 Therefore, the purpose of this study was to examine the effects of orthostatic challenges on aortic wave reflection (i.e., AIx), and to determine whether the decrease in AIx is a Aortic Wave Reflection During Orthostatic Challenges: Influence of Body Position and Venous Pooling result of venous pooling or increase in HR. We hypothesized that minimizing venous pooling (via rhythmic external cuff inflations) would attenuate the decrease in AIx during a passive HUT. Additionally, since young men and women differ in regards to regulation of arterial BP, 24, 25 resting measures of aortic wave reflection, 26, 27 and the prevalence of orthostatic intolerance, [28] [29] [30] [31] a secondary aim of the study was to examine whether sex differences in aortic wave reflection during orthostatic challenges exist.
METHODS

Subjects
A total of 23 young, healthy subjects volunteered to participate in this study. Subjects completed a general health history screening and written informed consent. Subjects were generally healthy, nonobese (body mass index: ≤30 kg/m 2 ), nonsmokers, not taking any medications (other than oral contraceptives in some of the women), and self-reported as being sedentary to recreationally active, with no regular physical exercise training. Studies were performed in the morning after an overnight fast, and subjects refrained from exercise, alcohol, and caffeine for 24 hours before reporting to the laboratory. Young female subjects were studied during the early follicular phase of their menstrual cycle (n = 5) or the placebo phase of oral contraceptives (n = 6) to control for the potential influence of sex hormones on primary outcome variables. 32 All study protocols were approved by the Institutional Review Board at the University of Iowa and all participants provided written informed consent prior to participating in the study.
Measurements
Following a 15-minute rest period in a supine position, brachial BPs in the left arm were taken in duplicate using an automated cuff (Cardiocap/5, Datex-Ohmeda, Louisville, CO). If 2 consecutive measurements differed by >5 mm Hg, a third was taken. HR was recorded via continuous 3-lead electrocardiogram (Cardiocap/5, Datex-Ohmeda, Louisville, CO). Changes in systemic BP during each orthostatic challenge were assessed (beat-to-beat) via finger plethysmography on the right hand. Cardiac output and TPR (as measured by systemic vascular resistance; SVR) were calculated in-device from the finger BP waveform (Nexfin; Edwards Lifesciences, Irvine, CA).
High-fidelity radial pressure waveforms were recorded by applanation tonometry of the radial pulse in the right wrist using a pencil type micromanometer (Millar Instruments, Houston, TX) and SphygmoCor system (AtCor Medical, Sydney, Australia) at baseline and minutes 2:30 and 5:00 during each experimental condition. The radial BP and waveforms were calibrated from systolic and diastolic brachial artery BP. A generalized transfer function was used to generate aortic pressure waveforms, which has previously been validated with both intraarterial and noninvasive radial pressure waves at rest. 33 Throughout each experimental condition, the right arm and wrist were kept at heart level, despite changes in body position.
Pulse wave analysis
Pulse wave analysis of the synthesized aortic pressure allows for calculation of key variables, including: aortic BP [systolic, diastolic, and pulse pressure (PP)], AIx (the reflected wave amplitude divided by PP expressed as a percentage), AIx adjusted for HR (AIx@75), ejection duration, systolic duration of reflected wave (Δt p ), augmented pressure (AP; the amplitude of the reflected wave, defined as the difference between the first [forward wave] and second systolic shoulders of the aortic systolic BP) as well as PP amplification. All values are reported as the mean of 2-3 applanation tonometry measurements within an acceptable quality index for each time point under each condition. All tonometry measurements were taken by a single investigator and only high-quality recordings defined as an in-device quality index of >80% (derived from an algorithm including average pulse height variation, diastolic variation, and the maximum rate of rise of the peripheral waveform) were accepted for analysis.
Orthostatic challenges
Following the initial 15-minute rest period and measurements of brachial BP, subjects completed 3 separate orthostatic challenges in randomized order; 60° passive HUT, 60° HUT with bilateral rhythmic cuff inflations on the calves (HUT with cuffs; 75 mm Hg), and LBNP (−30 mm Hg). These orthostatic challenges were selected to address the primary aim of the study, which was to determine whether the decrease in AIx is a result of venous pooling independent of body posture. Previous literature suggests a 60° HUT and LBNP between −30 and −40 mm Hg elicit similar cardiovascular responses and sympathetic transduction to peripheral vasculature. 3, 34 The 60° HUT with bilateral rhythmic cuff inflations (3-second inflation/3-second deflation cycles) on the calves was utilized to minimize venous pooling via acting as an artificial "muscle pump" to enhance venous return. Each orthostatic challenge lasted 5 minutes. Brachial BP measurements were performed immediately prior to each tonometry measurement, while finger BP and HR were captured continuously throughout each condition. Continuous hemodynamics were averaged over the last 30 seconds of each time point to match timing of tonometry data. Following each orthostatic challenge, 20 minutes of supine rest preceded the next orthostatic condition.
Statistical analysis
Group data are expressed as mean ± SE. Baseline characteristics were assessed via analysis of variance. Continuous variables such as aortic wave reflection characteristics, aortic pressures, and hemodynamic variables were analyzed over time and between conditions (HUT vs. HUT with cuffs vs. LBNP) by 2-way repeated measures analysis of variance. When significance was detected, pairwise comparisons were made via Tukey's post hoc analysis to determine where significance existed. Sex differences were analyzed within each condition by independent 2-way repeated measures analysis of variance for each condition (sex × time). All statistical analyses were completed using SigmaStat software version 12.0 (Systat Software Inc., San Jose, CA). Significance was set a priori at P < 0.05.
RESULTS
Subject characteristics are shown in Table 1 . When separated by sex, men were older, taller, and weighed more than women (P < 0.05). Men also had higher baseline brachial systolic and mean arterial pressure compared to women (P < 0.05).
Peripheral and aortic hemodynamics for the group as a whole are shown in Table 2 . Peripheral systolic BP, mean arterial pressure, and PP decreased similarly over time between all 3 conditions (P > 0.05). Cardiac output decreased over time in response to all orthostatic conditions (P < 0.05), decreasing to a greater extent during LBNP compared to both HUT conditions (P < 0.05). Aortic systolic and PP decreased similarly between the 3 orthostatic challenges. Conversely, aortic diastolic BP decreased only during the HUT conditions (P < 0.05). PP amplification increased initially in HUT conditions (baseline to 2:30), and during LBNP at all time points (P < 0.05). Subsequently, PP amplification was higher during LBNP compared to both HUT conditions (P < 0.05). Figure 1 illustrates responses in aortic wave reflection (AIx) during each of the orthostatic challenges. During the HUT conditions AIx remained unchanged, whereas AIx decreased during LBNP (P < 0.05) at 2:30 and 5:00. Indices of aortic wave reflection are shown in Table 3 . When normalized for HR (AIx@75) aortic wave reflection increased during both HUT conditions, while decreasing during LBNP (P < 0.05; Table 3 ). Figure 2 illustrates estimates of SVR during each orthostatic challenge. A significant group × time interaction was found for SVR and SVR indexed to body size (SVRi) in that LBNP elicited a greater increase at 2:30 only compared to baseline (Figure 2 and Table 2 , respectively). There were no differences in the change in SVRi between conditions (P < 0.05).
Sex differences in aortic hemodynamic responses to orthostatic challenges
Within each condition (LBNP, HUT, and HUT with cuffs) there were no sex differences in AIx, AIx@75, AP, or measures of aortic BP (P < 0.05). Despite lower baseline values in women, the changes in cardiac output and stroke volume were similar between men and women for each condition (P < 0.05). Furthermore, while women exhibited higher SVR and SVRi values at baseline, there were no differences in the magnitude of change during any condition compared to men (P < 0.05). Significant sex × time interactions were found for the timing components of aortic wave reflection (Δt p and ejection duration) during HUT with cuffs. Δt p was higher in men at baseline (P < 0.001) and decreased during the HUT with cuffs trial (P = 0.003), whereas no change was observed in the women (P = 0.89-0.92). Both men and women demonstrated a decrease in ejection duration over time; however, the magnitude of change was greater in men at 2:30 (P = 0.04).
DISCUSSION
In the current study, we compared peripheral and aortic hemodynamics across various orthostatic stressors in order to investigate (i) if minimization of blood pooling in the lower limbs attenuated the decrease in AIx that has been previously reported to occur with HUT, 6, 9 (ii) the influence of body position on aortic BP and wave reflection during an orthostatic challenge, and (iii) whether aortic hemodynamic responses to orthostatic stress differ between young men and women. Our primary findings suggest (i) in contrast to previous reports, AIx did not decrease during HUT conditions, and when standardized to HR (AIx@75bpm), actually increased slightly; (ii) application of LBNP-elicited robust changes in aortic hemodynamics as compared to HUT conditions; and (iii) in response to orthostatic challenges, there were no sex-related differences in AIx or aortic BP. Taken together, these results suggest that the aortic hemodynamic and wave reflection responses are orthostatic challenge specific.
Our finding of no change in AIx during HUT conditions is in stark contrast to previous studies that have reported a decrease in aortic wave reflection during passive HUT. [5] [6] [7] [8] [9] Van den Bogaard et al. 6 showed that the decrease in AIx and reflection magnitude during HUT conditions was graded with the extent of the orthostatic challenge from supine to upright. Additionally, AIx decreases with active standing, which is paralleled by decreases in both the forward and reflected waves. 23 Within the current study, comparison of all 3 trials (HUT, HUT with cuffs, and LBNP) revealed no change in AIx for the HUT conditions. When examining the HUT condition as a single trial (via 1-way repeated measures analysis of variance), similar to the aforementioned trails that demonstrated an effect of HUT on AIx, there was still no change in AIx (P = 0.21). However, when normalized to a standard HR, AIx@75 increased during HUT at both 2:30 and 5:00 minutes compared to baseline (P = 0.04 and <0.01 respectively; Table 2 ). As TPR was not significantly elevated during HUT conditions, these results remain Values are mean ± SE. *P < 0.05 vs. women. Abbreviations: DBP, diastolic blood pressure; MAP; mean arterial pressure; SBP, systolic blood pressure.
puzzling in light of previous observations. Taken together, it appears that any possible change in AIx with passive HUT is likely HR driven, rather than peripheral resistance, per se.
Previous studies have postulated that the fall in AIx during a passive HUT is likely due to venous pooling in the lower limbs. Accordingly, we conducted a passive HUT trial with rhythmically inflating cuffs on the calves to oppose the hydrostatic-induced venous pressure in the calf and effectively examine whether minimizing venous pooling would attenuate the anticipated fall in AIx during HUT.
Unfortunately, the lack of change in AIx during a passive HUT (without cuffs) in the current study did not allow us to test the hypothesis that minimizing venous pooling would attenuate the fall in AIx during an orthostatic challenge. In fact, the peripheral and aortic hemodynamic responses during a HUT were nearly identical with and without the application of rhythmically inflated cuffs (Tables 2 and 3) .
LBNP elicits venous pooling independent of gravitational and body position changes, with a concomitant decrease in central venous pressure (e.g., decrease preload). Values are mean ± SE. *P < 0.05 vs. baseline; † P < 0.05 vs. HUT conditions. Abbreviations: BL, baseline; DBP, brachial diastolic blood pressure; HUT, head up tilt; LBNP, lower body negative pressure; MAP; mean arterial pressure; PP, brachial pulse pressure; PPA, pulse pressure amplification; SBP, brachial systolic blood pressure; SVRi, systemic vascular resistance index.
Subsequently, unloading the central baroreceptors results in an increase in sympathetic nerve activity in a posture independent manner. 35 To our knowledge only one other study has examined the effects of LBNP on measures of aortic wave reflection. Lydakis et al. 20 demonstrated that −30 mm Hg of LBNP decreased AIx in young adults. These authors attributed the fall in AIx to an increase HR during LBNP, given that there is a negative correlation between the 2 parameters. We also observed a substantial decrease in AIx with LBNP relative to baseline values and both HUT conditions in the current study. However, since AIx@75 also significantly decreased during LBNP, we contend that the fall in AIx is not solely attributed to an increase in HR, but rather a combination of HR as well as a decrease in cardiac output, perhaps signifying greater venous pooling. Our findings suggest that change in body position alone does not explain the decrease in AIx during orthostatic conditions, and in fact, depends on the specific orthostatic challenge.
Sex differences are apparent in the integration of sympathetic nervous system activity, BP regulation, and orthostatic tolerance. Subsequently, we sought to examine sex differences in aortic BP and wave reflection in response to various orthostatic challenges. Within both the HUT conditions and LBNP, there were no sex differences for indices of aortic wave reflection (AIx, AIx@75, and AP). Collectively, these results suggest that males and females exhibit similar responses in aortic wave reflection during orthostatic challenges. The lack of sex differences in aortic wave reflection during orthostatic conditions is somewhat surprising, as young males and females appear to differ in the transduction of sympathetic responses to the vasculature. As orthostatic challenges typically result in an increase in muscle sympathetic nerve activity, which has been shown to have divergent relationships with aortic wave reflection characteristics in men and women we hypothesized that sex differences at rest would persist throughout orthostatic challenges. 27 Given the present results, however, it does not appear that a sympathetic stimulus preserves these relationships. It should, however, be noted that the resting/baseline values of AIx for female subjects in the current study appear to be lower than previous reports. 32, 36 
Experimental considerations
There are a few experimental considerations that warrant addressing. The primary focus of this study was to examine how aortic BP and wave reflection are altered with an acute sympathetic stimulus. However, we did not specifically measure the level of sympathetic activation (e.g., muscle sympathetic nerve activity) and therefore, the notion that each orthostatic condition resulted in similar elevations in sympathetic activity is assumed. The conditions used within this study were based on previous literature that has Figure 1 . Augmentation index across orthostatic conditions. LBNP resulted in a decrease in AIx compared to HUT and HUT with Cuffs. *P < 0.05 vs. baseline; † P < 0.05 vs. HUT conditions. Abbreviations: Aix, augmentation index; HUT, head up tilt; LBNP, lower body negative pressure. Values are mean ± SE. *P < 0.05 vs. baseline; † P < 0.05 vs. HUT conditions. Abbreviations: AIx@75, heart-rate standardized augmentation index; BL, baseline; HUT, head up tilt; LBNP, lower body negative pressure; MAP; mean arterial pressure.
examined passive HUT and LBNP, showing similar elevations in TPR and comparable sympathetic neural and cardiovascular responses. 3, 34, 37 In line with previous observations, we observed similar changes in peripheral hemodynamics and HR across orthostatic challenges. 34 Second, orthostatic challenges result in divergent central blood volume distribution. 3, 34 Along these lines, splanchnic blood volume decreases during progressive LBNP but increases during HUT. 3 The repeated nature of orthostatic challenges in our study design also needs to be considered. In this context, repeated exposures to orthostatic challenges alter volume regulating hormone responses, with LBNP resulting in elevated plasma renin activity. 38 However, it should be noted that all conditions in the current study were randomized within each subject and each trial was separated by a 20-minute rest period. Therefore, we do not feel the repeated challenges played a major role in the present results.
Third, as discussed above, the reason for the divergent findings related to change in AIx during a HUT between our current data and those previously reported are not clear, but could be due to a couple of factors. Previous studies have used varying methods to assess wave reflection variables, including applanation tonometry, 7-9 finger arterial pressure waveform decomposition, 6 and oscillometric methods, 5 making direct comparisons difficult. Furthermore, it is unclear whether the pulse wave data collected in the previous studies were done so at heart level and thus controlled for the possible confounding influence of hydrostatic pressure in the artery of interest as a result of body position changes (supine to HUT). Finally, we do not feel the lack of change in AIx during a HUT in the current study is related to measurement error, as (i) the average in-device quality index parameter during HUT at rest, 2:30 and 5:00 were 95 ± 5, 92 ± 6, 92 ± 6%, respectively, and (ii) the intraclass correlation coefficients of the duplicate recordings used for the average at each time point indicate our tonometry measures during the HUT trial were highly reliable (range, 0.96-0.99 for AIx and 0.89-0.99 for AIx@75bpm). Importantly, the intraclass correlation coefficients for measurements obtained during HUT are nearly identical to the intraclass correlation coefficients obtained during the LBNP trial (a condition in which we observed significant changes in AIx).
Lastly, AIx may not necessarily reflect wave reflection per se. In fact, it is suggested that AIx may give insight into the reservoir function of the aorta, minimizing the contribution of reflected waves in the aortic pressure waveform. 39 Indeed, given the drastic fall in stroke volume and changes in BP, we can aptly assume that reservoir function decreased as a result of HUT and LBNP. Furthermore, in response to perturbations involving passive leg elevation (i.e., increased preload), changes in AIx are linked to changes in aortic reservoir function. 40 While reservoir pressure was not specifically measured within the context of this study, it remains an intriguing hypothesis.
CONCLUSION
This is the first study to directly examine the influence of body posture manipulation on aortic hemodynamics in young adults during an orthostatic challenge. Collectively, our findings are in contrast to previous studies examining passive HUT in that AIx did not decrease during this specific orthostatic challenge. Instead, these results indicate that while TPR may influence aortic wave reflection as measured by AIx at rest, HR appears to modulate much of the AIx response during a passive HUT. Conversely, an orthostatic challenge independent of changes in body position (i.e., LBNP) resulted in substantial decreases in AIx and AIx@75. Taken together, these results suggest that the aortic hemodynamic and wave reflection responses are orthostatic challenge specific. Lastly, the aortic hemodynamic responses to orthostatic challenges in young adults do not appear to be sex specific.
